An alternative view on the electroweak interactions 
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We discuss an alternative to the Higgs mechanism which leads to gauge invariant 
masses for the electroweak bosons. The key idea is to reformulate the gauge invariance 
principle which, instead of being applied as usual at the level of the action, is applied 
at the level of the quantum fields. In other words, we define gauge invariant quantum 
fields which are used to build the action. In that framework, the Higgs field is not 
necessarily a physical degree of freedom but can merely be a dressing field that does 
not propagate. If the Higgs boson is not propagating, the weak interactions must 
become strongly coupled below 1 TeV and have a non-trivial fixed point and would 
thus be renormalizable at the non-perturbative level. On the other hand, if a gauge 
invariant Higgs boson is introduced in the model, its couplings to the fermions and the 
electroweak bosons can be quite different from those expected in the standard model. 
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Modern theories of particle physics are based on the concept of gauge invariance [lj. 
The action which describes fully the model is built using fields which transform according 
to chosen representation of the gauge group. Besides being a Lorentz scalar, the action is 
built in such a way that it is invariant under gauge transformations. This approach has 
been extremely successful and has led to a realistic model of particle physics, the standard 
model, which has survived for over 40 years now. The only remaining sectors to probe of the 
standard model are the Higgs sector and Yukawa sector which respectively give masses to the 
electroweak gauge bosons and the fermions of the model. However, the Higgs mechanism [2] 
is the weakest feature of the model since it requires the introduction of a fundamental scalar 
field, the elusive Higgs boson, which is the last particle to be discovered and the source of 
the hierarchy problem of the standard model. 

In this paper we propose an alternative viewpoint on gauge invariance which opens up 
the possibility to formulate mass terms for gauge bosons in a manifestly gauge invariant 
way without introducing a propagating fundamental scalar degree of freedom. The intuition 
comes from the Stuckelberg action for a massive U(l) photon [3]: 

S = j d 4 x (- l -F^F^ + ~(c^ + mAJ(dy + mA^ , (1) 

where is the photon, is a real scalar field which takes on values in a real 1 dimensional 
affine representation of K. which is the Lie algebra of U(l). This action is invariant under 
local U(l) transformations of the type 5A^ = d^e and 5<p = —me. In other words, this action 
is gauge invariant despite having a massive gauge boson. The Proca action is recovered by 
choosing the gauge = 0. This mechanism is an alternative to the Higgs mechanism for a 
£7(1) gauge invariant theory. It has been applied to extensions of the standard model [I]. 
Unfortunately it does not generalize to SU(N) gauge symmetries, since the non-Abelian 
Stuckelberg action leads to a violation of unitarity already at the tree-level, see [5] for a 
recent review. As we shall see, our alternative to the Higgs mechanism has the same problem 
with perturbative unitarity and renormalization in the classical sense of the term. 

In order to illustrate the new mechanism, let us first reconsider an old idea that goes back 
to Dirac [6] (see also [7J[8] for more recent work in this direction), namely, that electrons and 
photons, since they are observable objects, should be gauge invariant. Classically, an action 
such as the one describing quantum electrodynamics is built by requiring that it would be 
invariant under gauge transformations and Lorentz invariant. One obtains: 

S = j d 4 x U{x)(>fiDr - m)^(x) - ~F^{x)F^{x)J , (2) 

where = <9 M — ieA^x) is the covariant derivative, e is the electric charge, F^ u (x) = 
d^A u (x) — d u A fl (x), 7 M are the Dirac matrices, if)(x) is the quantum field which describe the 
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electron and the positron, %p(x) = ip'^x)^ and A^{x) is the electromagnetic potential which 
is related to the electric and magnetic fields. By construction, this action is invariant under 
local U(l) gauge transformations 

if)'(x) = exp(—ia(x))ip(x) (3) 
= A,{x) -- e d,a{x). (4) 

On the other hand, the field which represents the electron and the positron is not gauge 

invariant. However, only gauge invariant quantities are observable. This was a motivation 

for Dirac to formulate quantum electrodynamics using dressed fields j6]. He introduced the 
dressed fermion field: 

±{x) = n* D i>(x) (5) 

with 

n D = exp {-ie J d 4 zr(x - z)A ll {zYj , (6) 

where is the electromagnetic four-vector which represents the photon field. Note that 
ijj(x) is locally gauge invariant as long as d ll f fJj (z) = 5^(z), but it is not invariant under 
global U(l) transformations. Inspired by the Stiickelberg mechanism, instead of using fl^ 
we will use 

Q = exp (iecr(x)) , (7) 

with 5a(x) = —a(x)/e under a U(l) gauge transformation. This dressing has the benefit of 
being local. We define 

f{x) = n*ip(x). (8) 
We can also define a gauge invariant electromagnetic field 

4,0*0 = ^D^ = A,(x)-d tl a(x), (9) 



where D^ = d^- ieA^x) and fi* ^ = WD^Q, - f^Z^fi)*. 

One can then reformulate the action of quantum electrodynamics in terms of the gauge 
invariant fields 

S = j d 4 x (±(x)(^iD^ - m)±(x) - ^(x)F^{xf) , (10) 

where D — — ieA^(x) and , F_ v (x) = d^A^x) — d v A^ (x). Note that the underlying 
gauge principle prevents the coupling of neutral particles such as the neutrino to the photon, 
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indeed it is not possible to define a gauge invariant field if the underlying fermion is not 
transforming under the underlying local gauge symmetry. The remarkable feature of this 
alternative gauge principle is that one can write down a gauge invariant mass term for the 
photon: 

^photon mass = J d 4 x-m 2 A A ^{x)A ^(x). (11) 

Note that this is essentially a reformulation of the Stuckelberg mechanism in terms of gauge 
invariant fields, however, the gauge principle is applied in a different way. Instead of intro- 
ducing the gauge fixing fields in the action, they are introduced in the fundamental degrees 
of freedom of the action. 

This formalism can easily be extended to the standard model with the usual gauge group 
SU(3) x SU(2) L x £7(1), but let us first consider SU(2) L x U(l) for the sake of simplicity. Our 
goal is to consider an alternative to the Higgs mechanism. The idea consists in promoting 
the usual SU(2) L valued fields of the Standard Model to SU(2) L invariant fields. The 
gauge symmetries of the model are SU(2) L x U(1)y- Furthermore, there is a global SU(2) 
symmetry. We consider a theory with exactly the same particle content as that of the 
standard model. The hypercharge assignments are the same as well. We shall see that we 
do not need to introduce a propagating Higgs boson. 

Let us start by introducing a scalar SU (2) L doublet 

*=(*)■ (12) 




In the sequel, this field, which in the usual standard model would be the Higgs field, will 
play the role of a dressing field. One can now define 




n 2 = -— - ! : ' ' ) (is) 

and 

f2 y = exp (iYea(x)) , (14) 

where Y is the hypercharge of the particle under consideration. These matrices can be used 
to define gauge invariant fields 

r L = n*nS^ (is) 

for the left-handed fermions and 

= ^TrQlD.Q^ (16) 
^9 
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for the electroweak bosons which are not gauge bosons in the usual sense since they are 
gauge invariant. The right-handed fermions are given by 

t a R = Wr- ( 17 ) 

The gauge invariant hyperphoton is defined by 

A^x) = Y e ^^ n ^ 



with £> M = <9 M - ieA^(x) 



One can easily construct the following gauge invariant kinetic terms 

1 „ _ „.... 1 



- 7j Tr F^FT - -L„r (19) 



with 

U2,J = ^DJth = - igW^ (20) 
= -[D^,D U ], 

g 

and / = d^A u — d u A^. Note that the SU(2) part of the dressing is that considered by 
't Hooft and many others [9HT9]. It is important to realize that the coupling constant g in 
equation ( 1201) is the coupling constant which appears in D^. This is a consequence of the 
local SU{2) gauge invariance. It implies that the different coupling constants between the 
weak bosons and the different fermions are fixed by the gauge coupling and are identical to 
those of the standard model. 

So far, there was no difference between the usual electroweak interactions and the alter- 
native formulation of the model based on gauge invariant quantum fields. However, there 
is a new feature which does not exist in the usual standard model. We can use the gauge 
invariant formulation of the quantum fields to introduce a gauge invariant mass terms for 
the hyperphoton and the weak bosons W l : 

2 

777 

— Tr ({aW^ + bA^aW^r, + bA»T )) , (21) 



where Tq is the SU(2) identity matrix. After the diagonalization of the mass matrix we find 
the physical fields 

W 1 =F iW 2 

W_t = (22) 
aW\ -bA u 

Z u = ~ , 23 

aW 3 u + bA u , N 

A u = ~ M ~ M . 24 
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Let us now introduce sin 9y/ — bj y/ a 2 + b 2 which as in the standard model is a free parameter. 
We have the following mass spectrum 

mw = -^m, mz = m w cos6 w and = 0. (25) 

The nonlinear couplings of the electroweak bosons are thus the same as those of the standard 
model. Let us emphasize that the electroweak sector is that of the standard model without a 
propagating Higgs. As in the case of the Stiickelberg mechanism, this alternative to the Higgs 
mechanism suffers from a unitarity problem at tree-level in the scattering of electroweak 
bosons. We shall come back to this after the discussion of fermion masses. Let us first 
point out that we could trivially reproduce the full standard model by introducing a gauge 
invariant Higgs boson 

= SF Y n\(j). (26) 

We could thus introduce a propagating degree of freedom in the scattering of electroweak 
bosons and restore tree-level unitarity in the usual way with a gauge invariant Higgs boson. 
A potential for the gauge invariant Higgs boson and Yukawa couplings would generate as in 
the usual standard model the masses of the electroweak bosons and of the fermions. The 
connection between this approach to the electroweak interactions to the standard model in 
the unitarity gauge is made by picking the gauge U = £l\(<p) with = 10. 

Let us now return to the non-propagating Higgs model. Fermion masses can be intro- 
duced in a gauge invariant way as well: 

where M = diag(m up ,m^ (/wn ). Note that right-handed fermions are singlets under the local 
SU(2) gauge symmetry but doublets under the global one. Let us now discuss the inclusion 
of SU (3). So far we focussed on leptons but quarks can be included in the same way. Gauge 
invariant dressed quark fields have been introduced in [20]. Thus, including quarks does not 
represent any further difficulty We can simply multiply our SU(2)l x U(l) gauge invariant 
fields by a further dressing field f2 3 introduced in [20] which takes care of the local SU(3) 
invariance. The CKM matrix is generated as in the standard model. 

Let us now come back to the question of unitarity. The results presented in this pa- 
per lead to some interesting insight in the Higgs mechanism. The Higgs mechanism is not 
needed as such to break the gauge symmetry since gauge invariant mass terms can be ex- 
plicitly constructed, however it is needed to restore perturbative unitarity in the scattering 
of electroweak bosons. Gauge theories with massive gauge bosons are only consistent if 
the masses are generated via spontaneous symmetry breaking. This conclusion has been 
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reached a long time ago using different arguments [2~lT[2"l"] . However, tree-level unitarity 
could be restored by different means. If the scalar field is not propagating, the electroweak 
interactions have to become strongly coupled around 1 TeV thereby restoring unitarity. If 
this non-perturbative theory has a non-trivial fixed point, it would be renormalizable at the 
non-perturbative level, as conjectured by Weinberg for quantum general relativity [25]. This 
possibility is very attractive, since it solves the fine-tuning problem of the standard model 
by eliminating the Higgs boson as a fundamental particle. 

As mentioned above, we could still introduce a scalar degree of freedom, i.e. a gauge 
invariant Higgs boson. The Higgs boson does not need to have a vacuum expectation value. 
It might or might not contribute to the masses of the electroweak bosons and the fermions. 
It is interesting to note that in this case, there are potentially two contributions to the 
electroweak gauge bosons and fermion masses. If we introduce a gauge invariant Higgs 
boson and generate at least part of the masses of fermions and electroweak bosons through 
the gauge invariant mechanism proposed above, the production and decay modes of the Higgs 
boson could be quite distinct from that of the standard model, as for example studied in [26J. 
The Yukawa coupling are essentially arbitrary if the masses of the fermions are simply gauge 
invariant terms. However, tree-level unitarity would have to be restored in this sector as 
well [2?-30] . Note that if the gauge invariant Higgs boson resolves the tree- level unitarity 
problem in the scattering of electroweak bosons, it also needs to generate the totality of their 
masses as in the standard model. 

We shall now consider the couplings of the gauge invariant Higgs boson to the remaining 
particles in more detail. Let us assume that the Higgs boson has a vacuum expectation v' 
which does not need to be equal to 246 GeV since part of the masses of the electroweak 
bosons could be generated by our new mechanism. In the sequel v' is a free parameter. It 
is easy to derive the Feynman rules for the gauge invariant Higgs. We have the following 
vertices 
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The gauge coupling g and the weak mixing angle 8w are the same as in the usual standard 
model. On the other hand v' and the Yukawa couplings Gi are free parameter which are 
not necessarily related to the masses of the electroweak bosons or corresponding fermions. 
We denote the self-Higgs coupling as usual by A. Note that the strength of the two Higgs 
bosons two electroweak bosons interaction is fixed by the underlying gauge invariance. If a 
gauge invariant Higgs boson is introduced, its pair production must be as in the standard 
model. However, the coupling of a single Higgs to two electroweak bosons or two fermions 
is not fixed by gauge invariance or the mass of the particles and is essentially arbitrary. The 
decay widths for the decay of the gauge invariant Higgs boson to fermions are of the same 
form as in the standard model T(H ->- /•/•) = G*M H /(l6ir), but can be very different since 
they depend on the unconstrained Yukawa couplings Gi. The same holds for the decays to 
electroweak bosons. If v' is not equal to the usual vacuum expectation of the standard model 
Higgs boson, a mechanism is needed to solve the unitarity problem. 

Another application for gauge invariant fields is that it opens up the possibility of coupling 
the standard model particles to a hidden sector (for example describing dark matter) in a 
richer way than just the Higgs portal or the kinetic term of the hyperphoton, see, e.g., [31] 
and references therein. We now have fermion or electroweak boson portals of the type 
iLi i^R hidden,i or W^^OhAM^i where O hi dden,i are operators from the hidden sector. Our 
mechanism opens up the door to new approaches in model building. It is easy to extend 
these considerations to supersymmetric models |32j . 

To summarize, we have considered an alternative application of the Yang-Mills local gauge 
principle. This enable us to formulate gauge invariant masses for the electroweak bosons 
and the fermions. The real difficulty in the electroweak interactions is not the generation of 
masses for the particles of the model, but rather to do so in a way which preserves tree-level 
unitarity. In our formulation of the electroweak interactions, tree-level unitarity could be 
restored by strongly interacting electroweak bosons in the TeV region if we do not introduce 
a gauge invariant Higgs boson. If we introduce a propagating gauge invariant scalar field, 
the couplings of the Higgs boson to the fermions are not necessarily uniquely determined 
by the masses of the given particles and the production cross-sections and decay widths can 
be quite different from the standard model expectations. Unless the gauge invariant Higgs 
boson vacuum expectation value generates all the masses of the particles of the model, a 
new mechanism needs to be implemented to address the tree-level unitarity problem. Let us 
stress finally that we believe that the most interesting feature of this alternative perspective 
to the electroweak interactions is the possibility to remove the Higgs boson of the particle 
spectrum and thus to solve the hierarchy problem. There is a clear experimental signature 
for this mechanism, namely strongly interacting electroweak bosons in the TeV region. 
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